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Early experiences can alter adaptive emotional responses necessary for social behavior as well
as physiological reactivity in the face of challenge. In the highly social prairie vole (Microtus
ochrogaster), manipulations in early life or hormonal treatments specifically targeted at the
neuropeptides oxytocin (OT) and arginine vasopressin (AVP), have long-lasting, often sexually
dimorphic, consequences for social behavior. Here we examine the hypothesis that behavioral
changes associated with differential early experience, in this case handling the family during
the first week of life, may be mediated by changes in OT or AVP or their brain receptors. Four
early treatment groups were used, differing only in the amount of manipulation received during
the first week of life. MAN1 animals were handled once on post-natal day 1; MAN1 treatment
produces a pattern of behavior usually considered typical of this species, against which other
groups were compared. MAN1–7 animals were handled once a day for post-natal days 1–7,
MAN 7 animals were handled once on post-natal day 7, and MAN0 animals received no handling
during the first week of life. When tested following weaning, males in groups that had received
manipulation during the first few days of life (MAN1 and MAN1–7) displayed higher alloparenting
than other groups. Neuroendocrine measures, including OT receptor binding and OT and AVP
immunoreactivity, varied by early treatment. In brain areas including the nucleus accumbens,
bed nucleus of stria terminalis and lateral septum, MAN0 females showed increased OT
receptor binding. MAN1 animals also displayed higher numbers of immunoreactive OT cell
bodies in the supraoptic nucleus. Taken together these findings support the broader hypothesis
that experiences in the first few days of life, mediated in part by sexually dimorphic changes in
neuropeptides, especially in the receptor for OT, may have adaptive consequences for sociality
and emotion regulation.
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Introduction
The role of early experience in the development of adult behavior
and psychopathology has been of considerable interest to neurobiologists for decades (Harlow, 1961, 1964; Harlow and Suomi,
1971; Hofer, 1978, 2006; Plotsky, 1997, 2002; Levine, 2002a). Early
neglect or traumatic experiences may increase vulnerability in later
life, contributing to the symptoms associated with depression, anxiety disorders, substance abuse, and post-traumatic stress disorder
(Heim et al., 1997; Henry and Wang, 1998; Plotsky et al., 1998;
Sanchez et al., 2001; Gilmer and McKinney, 2003; Advani et al.,
2007; Francis and Kuhar, 2008). In contrast, early experiences can
have positive consequences for later sociality (Carter et al., 2009)
and emotion regulation (Francis et al., 2002a), disease resistance
(Nithianantharajah and Hannan, 2006), and memory (Berardi
et al., 2007; Herring et al., 2008), among other variables.
A rich literature chronicles the behavioral and physiological
effects of early handling in rodents (Levine, 1957; Levine and
Lewis, 1959b; Denenberg et al., 1962; Denenberg and Whimbey,
1963), particularly focused on stress reactivity of the offspring
(Levine, 2002b). Short separations from the mother tend to produce offspring that display improved capacities to manage a social
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or physical challenge (Levine, 2005; Aguilar, 2010; Zanettini et al.,
2010), though this was not true in every study (Todeschin et al.,
2009); while either drastically reduced handling or long separations
tend to produce offspring that are hyper-responsive to stressors
(Levine, 2002a). It is often hypothesized that this effect is maternally mediated, possibly due to increases in maternal attention to
infants upon reunion, although alternative hypotheses have also
been suggested (Denenberg et al., 1962; Denenberg and Whimbey,
1963; Smotherman and Bell, 1980; Boccia and Pedersen, 2001; Tang,
2001; Tang et al., 2006; Macri et al., 2008). Sex differences in the
response to early handling are also a consistent finding, although
these differences are not always in the same direction (Eklund and
Arborelius, 2006; Slotten et al., 2006; Bales et al., 2007a; Renard
et al., 2007; Aisa et al., 2008; Desbonnet et al., 2008).
Other studies have also linked changes in mothering behavior in rats, whether spontaneously occurring or induced by an
intervention, to changes in the oxytocin (OT) and arginine vasopressin (AVP) systems (Francis et al., 2000, 2002b; Champagne
et al., 2001; Pedersen and Boccia, 2002). In adults, OT and AVP
have been implicated in social behaviors, including pair-bonding
(Winslow et al., 1993; Williams et al., 1994; Cho et al., 1999; Lim
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et al., 2004), parental behavior (Pedersen et al., 1982; Wang et al.,
1994; Bales et al., 2004b), and also measures of anxiety (Neumann,
2002). Increases in oxytocin receptors (OTR) in the central amygdala and bed nucleus of the stria terminalis (BNST) in female
offspring, and AVP V1a receptor (V1aR) binding in the central
amygdala in male offspring (Francis et al., 2002b), have also been
associated with increased maternal licking.
Prairie voles are small rodents, native to the midwestern United
States. Members of this species show high levels of social behavior
and display a monogamous social system, characterized by biparental care and a strong preference for a pair-mate, measured both
in the field and in the laboratory (Getz et al., 1981; Carter et al.,
1995). These species-typical traits can be influenced by apparently
small differences in experience during the first few days of life (Bales
et al., 2007a). Animals from families that were manipulated, by
picking up the family for a few minutes during the first day of
post-natal life (MAN1) were compared to prairie voles in which
external manipulations of the family were minimized by not disturbing the family during the first few days of life (termed MAN0).
Behavioral differences in later life were striking and in some cases
sexually dimorphic. When tested with pups following weaning,
MAN0 males showed low levels of alloparenting (i.e., spontaneous
display of parenting-like behavior by juveniles). Tested in adulthood, selective social behaviors indicative of pair-bonding were
disrupted; in this case the effect was especially obvious in females.
Female prairie voles that received reduced early handling (MAN0)
did not exhibit selective preferences for a familiar male, even when
given six times the amount of exposure to a male that is typically
sufficient to induce a preference. In addition, in both sexes tested
in adulthood, MAN0 animals showed increased anxiety-like behaviors when tested in an elevated plus-maze (EPM). We hypothesize
that these differences are due primarily to an early environment
that is for MAN0 offspring less enriched or even impoverished.
We further hypothesize even a small amount of handling (which
typically occurs during cage change in most animal facilities) is
sufficient to produce changes in the parental-infant interactions,
which in turn leads to species-typical levels of behaviors in the offspring in later life. The effects of this manipulation were discovered
serendipitously. However, the MAN1 versus MAN0 model for the
effects of early experience is advantageous in some ways, in that this
comparison is based on a subtle manipulation of early experience
and one in which other variables (e.g., time away from the parents
or temperature) are held relatively constant. Because young voles
have milk-teeth and are attached to the mother during the handling manipulation, direct contact with the pups is avoided and we
hypothesize that observed group differences are due to changes in
the behavior of the parents (Tyler et al., 2005).
Evidence from other rodent species suggests that the effects of
early experience can be time dependent and especially potent during the first week of life. However, responses to early handling may
differ by species or even within the same strains of a given species
(Holmes et al., 2005; Enthoven et al., 2008). Although early work
in this field, primarily done in rats, tended to emphasize direct
effects of handling on the offspring, more recent evidence suggests that individual differences in maternal behavior or maternal
responses to disruption may significantly influence subsequent
behavioral outcomes.
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Consistent with our own findings in voles (Carter et al., 2009),
and earlier work in rats (Champagne et al., 2001; Francis et al.,
2002b; Todeschin et al., 2009), we hypothesized here that the effects
of parental stimulation or its absence in post-natal life might be
mediated by alterations in the OT or AVP systems. One purpose
of the present study was to use the vole manipulation model to
examine the effects of differential early experience on OT and AVP
systems, measured in later life; here we have measured indices of
central peptide synthesis, as well as receptor binding for the OTR
and the AVP V1aR. We also examined the hypothesis that the age
at which manipulations occurred and the frequency of handling
might influence behavior or endocrine outcomes. Based on the
outcome of earlier studies we predicted that groups receiving
reduced stimulation in the first days of life would be less likely to
be alloparental and more likely to show indices of anxiety, such
as reduced exploration of or autogrooming in an EPM, and to
show associated changes in the release of the adrenal steroid, corticosterone (CORT). We further predicted that changes in behavior
would be associated with the parallel changes in the endogenous OT
system, indexed by measures of OT synthesis or receptor binding.
Also measured were possible experience-induced changes in cells
synthesizing AVP and receptor binding in the AVP V1aR. Here we
chose to examine outcome measures in juveniles due to our previous finding of low alloparenting in juvenile males (Bales et al.,
2007a); future work will examine the same measures in adults.

Materials and Methods
Early Manipulations

Subjects were laboratory-bred male and female prairie voles (Microtus
ochrogaster), descendants of a wild stock originally caught near
Champaign, IL, USA. Stock was systematically outbred. Animals were
maintained on a 14-h light: 10-h dark cycle and given food (highfiber Purina rabbit chow) and water ad libitum. Breeding pairs were
maintained in large polycarbonate cages (44 cm × 22 cm × 16 cm)
and provided with cotton for nesting material. Litters varied from 4
to 6 offspring and were not culled to avoid any additional handling.
At 20 days of age offspring were removed and housed in same-sexed
sibling pairs in smaller (27 cm × 16 cm × 13 cm) cages. The goal was
10 animals of each sex for each handling group; actual numbers of
animals varied by outcome variable.
Sixteen multiparous pairs were used as breeders. The first treatment was assigned randomly for each pair. For the next litter, each
pair received a different treatment (no pair received the same treatment more than once). There were four early handling treatments,
here referred to as MAN0, MAN1, MAN1–7, and MAN7. MAN1
litter handling involved lifting the parents by the scruff of the neck
with a hand covered in a thick leather glove. Pups were attached to
the mother by milk-teeth and therefore were not touched (if pups
were not attached, researchers waited to perform the manipulation). MAN1–7 received an identical manipulation once a day for
7 days postpartum, while MAN7 received this manipulation once
on day 7. MAN0 litters were lifted briefly in a clear plastic cup.
Sitting animals were scooped into the cup. If the animal was moving, the cup was maneuvered in front of the animal as it walked
into it. In this manipulation, infants would be supported by the cup
while being moved, rather than dangling from the mother’s nipples.
Cages were changed in the day preceding birth (almost always the
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day after the previous litter was weaned). Thereafter, cages were
changed on day 7 and cage-changing was kept constant across
groups. During subsequent cage changes, all animals were moved
to the new cage in a cup. MAN0 litters were therefore manipulated
in the cup three times (one for the early manipulation, two other
times for cage-cleaning). The other groups received their described
early manipulation (cup or hand) and all subsequent cage changes
were performed by cup.
On day 20 postpartum, the infants were weaned and housed
in same-sex pairs throughout testing. In order to utilize all of the
offspring from each litter two experimental groups were formed,
as described here.

Early experience and oxytocin

between MAN1 and MAN0 animals, to determine replicability
of earlier findings with these groups, and to specifically examine
possible neuroendocrine correlates of behavioral changes between
these groups. In some cases, we also combined groups that received
manipulations during the first week (MAN1 and MAN1–7) and
groups that did not receive manipulation during the first week
(MAN0 and MAN7).
Elevated Plus-maze testing

On day 21–25, these animals were removed from their cage, immediately anesthetized with ketamine and xylazine, received an eyebleed (data not presented here), and were euthanized by cervical
dislocation under deep anesthesia. Brains were passively perfused
for use in immunohistochemistry (methods detailed below), and
sliced at 40 μm thickness on a sliding microtome.
All studies were approved by the Animal Care and Use Committee
of the University of Illinois, Chicago, IL, USA and complied with
National Institutes of Health ethical guidelines as set forth in the
Guide for Lab Animal Care.

This test examines responses to nonsocial stimuli associated with a
novel environment, and also has been used as a form of mild stressor (Insel et al., 1995; Ramos and Mormede, 1998). Time spent in
the closed arm of the EPM is considered a measure of anxiety or
fear response, due to the fact that presumably most rodents find
open spaces aversive. Behavior in the EPM is responsive to both
anxiolytic and anxiogenic drugs, and fear responses in the EPM
have been found to be fairly resistant to environmental conditions
(Ramos and Mormede, 1998). Prairie voles may find open areas
less aversive than do other rodents such as meadow voles, a closely
related polygynous species (Stowe et al., 2005), but EPM behavior
in prairie voles has been shown to be responsive to manipulations
such as injection of vasopressin (Dharmadhikari et al., 1997) and
early handling (Bales et al., 2007a).
The EPM consisted of two open and two closed, opaque arms,
each 67-cm long and 5.5-cm wide (Insel et al., 1995), elevated 1 m
above the floor. Each vole was placed in the neutral area in the center
of the EPM and its behavior scored for five minutes using Behavior
Tracker. Plus-maze activity was indexed as time spent in the open
arm/(time spent in the open arm + time spent in the closed arm).
Data were analyzed by mixed model ANOVAs (Littell et al., 1996)
in SAS 9.2 (SAS Institute, Cary, NC, USA). All significance levels
were set at p < 0.05 and all tests were two-tailed.

Behavioral Testing

Hormone Assays

All behavioral testing was performed between 08:00 and 12:00 h.

Plasma OT was assayed using a commercial enzyme immunoassay
(Assay Designs, Ann Arbor, MI, USA, now Enzo Life Sciences),
validated for use in the prairie vole (Kramer et al., 2004). Nonextracted samples were diluted at 1:8 for OT (40 μl of plasma)
and 1:12 for AVP (25 μl of plasma) and assayed according to kit
instructions. Intra-assay c.v. for OT was 1.5% and inter-assay c.v.
was 13.5%. For AVP intra-assay c.v. was 1.2% and inter-assay c.v.
was 2.9%.
Corticosterone was assayed using a radioimmunoassay (MP
Biomedicals, Irvine, CA, USA) previously validated for the prairie
vole (Taymans et al., 1997). Non-extracted samples were assayed
at 1:2000 dilution in order to insure that all samples fell on the
standard curve. Intra-assay c.v.s averaged 3.7% and inter-assay c.v.
was 4.3%.

Experimental group 1

On day 21–25, this group was tested in an alloparental care test
(see methods below). The following day, they received an EPM
test. The day following that, they were anesthetized with ketamine
and xylazine, received an eyebleed, and were euthanized by cervical
dislocation under deep anesthesia. Brains were flash-frozen for use
in receptor autoradiography.
Experimental group 2

Alloparental care testing

Animals were always weaned before the birth of the next litter in
their home cage, thus ensuring that previous exposure to neonates
had not occurred. Test animals were introduced into an apparatus
which consisted of two cages connected by a 5 cm clear tube, and
given 45 min to acclimate. Two pups (1–3 days old) were then
introduced into one cage. The test animal was exposed to the pups
for 10 min (methods based on (Roberts et al., 1998). If the test
animal showed any pup-directed aggression, the test was stopped
immediately and the pups removed and treated as necessary.
Aggression displayed by 21-day olds rarely results in significant
injury to the infant. Behaviors were scored from videotape by an
observer blind to experimental treatment on behavioral software
(Behavior Tracker, www.behaviortracker.com) for sniffing, huddling, non-huddling contact (any contact with pups not covered
by another category), retrievals, licking/grooming, and aggression.
Analysis Strategy

Data analysis was carried out by ANOVA. Residuals were checked
for normality. All significance levels were set at p < 0.05 and all
tests were two-tailed. We also conducted planned comparisons
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Receptor Autoradiography

Following sacrifice, brains were quickly removed, flash-frozen
on dry ice and stored at −80°C. Brains were sectioned at 20-μm
thickness, mounted onto Super-frost slides, and stored at −80°C
until the time of assay. Sections were allowed to thaw to room
temperature and then immersed in 0.1% paraformaldehyde for
2 min to optimize tissue integrity. Sections then were rinsed
three times in 50 mM Tris–HCl (pH 7.4) at room temperature
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for 5 min and incubated for 60 min at room temperature in a
solution of 50 mM Tris–HCl (pH 7.4) with 10 mM MgCl2, 0.1%
bovine serum albumin, and 50 pM of radiotracer. For OTR binding, [125I]-ornithine vasotocin analog [(125I)OVTA] was employed
[vasotocin, d(CH2)5[Tyr(Me)2,Thr4,Orn8, (125I)Tyr9–NH2]; 2200
Ci/mmol]; (NEN Nuclear, Boston, MA, USA). For V1aR binding,
125
I–lin–vasopressin [125I–phenylacetyl–D–Tyr(ME)–Phe–Gln–
Asn–Arg–Pro–Arg–Tyr–NH2]; (NEN Nuclear) was used. Nonspecific binding was determined by incubating adjacent sections
with the radioactive specific ligand as well as with 50 μM of unlabeled Thr4, Gly7 OT, a selective OT ligand (Peninsula Laboratories,
Belmont, CA, USA) or 50 μM of unlabeled [1-(-mercapto-,-cyclopentamethylene propionic acid),2-(O-methyl)-tyrosine]-arg8vasopressin, selective for the V1aR. Following incubation, sections
were washed four times at 5 min each in 50 mm Tris–HCl (pH
7.4) with 10 mM MgCl2 at 4°C, followed by a final rinse in this
same buffer for 30 min while stirred with a magnetic bar. Slides
then were quickly dipped in cold dH2O and rapidly dried with a
stream of cold air. Sections were apposed to Kodak BioMaxMR
film (Kodak, Rochester, NY, USA). Autoradiographic 125I-receptor
binding was quantified from film using the NIH Image program to
measure uncalibrated optical density. Background was quantified
for each slide from a cortical area lacking receptors. The number
of slides scored for each area varied, but averaged approximately
nine sections per area. Both sides of each area were quantified
separately, compared for any differences according to hemisphere
(which were not found), then a mean obtained for each slice. A
mean for the area for each animal was then calculated, which was
the value used in analyses.
Immunohistochemistry

Free-floating tissue sections were rinsed in 0.05 M KPBS. To
block endogenous peroxidase activity, sections were incubated
for 15 min in 0.014% phenylhydrazine and then rinsed in KPBS.
Next, sections were incubated in rabbit OT antisera (generously
provided by Dr. Mariana Morris) at 1:150,000 or rabbit antiAVP (MP Biomedicals, Irvine, CA, USA) at 1:100,000 dilution
in 0.05 M KPBS-0.4% Triton X-100 (1 h at room temperature
and then 48 h at 4°C).
Sections were rinsed in KPBS before being incubated for 1 h
at room temperature in biotinylated goat, anti-rabbit IgG (1:600
dilution in KPBS-0.4% Triton X-100; H + L, BA-1000; Vector
Laboratories, Burlingame, CA, USA). Sections were rinsed in KPBS
and then incubated in an avidin–biotin peroxidase complex (4.5
A and 4.5 μl B per 1 ml KPBS–0.4% Triton X-100; Vectastain ABC
kit-elite pk-6100 standard; Vector Laboratories) for 1 h at room
temperature. Sections were rinsed in KPBS and then rinsed in
0.175 M sodium acetate. Finally, OT-immunoreactivity (OT-IR)
and AVP-IR were visualized by incubation in a nickel sulfate–diaminobenzidine chromogen solution (250 mg Nickel II Sulfate, 2 mg
DAB, 8.3 μl 3% H2O2 per 10 ml 0.175 M sodium acetate) for 15 min,
then rinsed in sodium acetate followed by KPBS rinses. Following
labeling for OT or AVP, sections were mounted onto subbed glass
slides and air-dried overnight. Sections then were dehydrated
in ascending ethanol solutions, cleared in Histoclear (National
Diagnostics, Atlanta, GA, USA), and the slides were coverslipped
with Histomount (National Diagnostics).
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Images were captured using a Nikon Eclipse E 800 microscope,
Sensi-cam camera, and IP Lab Software®. Pictures for analysis were
taken at 100× magnification. Analysis was performed using Image
J software (National Institutes of Health, Bethesda, MD, USA).
Density of staining within each nucleus was quantified using the
threshold function to separate stained cells and fibers from the
background. Within the PVN and SON, a standardized sampling
area was used to determine the number of pixels labeled using the
thresholding function. This was done to ensure that differences
were not a result of variability in defining the borders of a nucleus.
Density was calculated as the percentage of threshold labeled pixels
versus non-labeled pixels within the entire sampling area. Similar
methods have been used to determine differences in OT and AVP
cell and fiber staining in other studies (Wang et al., 1996; BesterMeredith and Marler, 2003; Ruscio et al., 2007). Density measurements from each nucleus were taken from sections matched
in rostral–caudal orientation to minimize variability. In all cases,
density measures were taken by two observers blind to the condition of the subject and the average was calculated. Due to the high
concentration of cells and fibers within certain nuclei, we felt that
cell counts would not be accurate as it was often not possible to
discern exact cell numbers (due to overlapping cells) and cells from
fibers within the central portions of densely stained nuclei.
Arginine vasopressin and OT densities were measured in the
PVN and SON. Measurements within the PVN were taken in a
caudal section of the nucleus where the stained cells and fibers take
a characteristic shape and branching pattern, as demonstrated in
previous studies (Wang et al., 1996). This section is further characterized by the medial–lateral position of the fornix (relative to
the third ventricle) and medial and dorsal location of the optic
tract (relative to more central and ventral position in more rostral
sections). It is approximate to Figure 49 in Paxinos and Watson
(2005). Two density measures within each section were taken;
one in the center (sampling area: 125 μm × 125 μm) measuring
both cells and fibers, and another in the periphery (sampling area:
375 μm × 250 μm) measuring projecting fibers from the PVN. AVP
and OT density measurements in the SON were taken at the same
rostral–caudal level as the PVN. Because of the SON’s curved shape
and location, we used two areas to ensure that the optic tract was not
included in the thresholding function. Both measures (sampling
areas: horizontal, 282 μm × 375 μm and vertical 225 μm × 440 μm)
were within the SON (cells and fibers) and the density was the sum
of stained fibers and cells with both areas.

Results
Alloparental Behavior

When groups that were manipulated before day 7 (MAN1 and
MAN1–7) were combined and compared to groups that were not
manipulated before day 7 (MAN0 and MAN7), they differed significantly in alloparental behavior. Males that were manipulated before
day 7 displayed a significantly longer duration of non-huddling
contact (n = 42, F1 = 4.95, p = 0.035; Figure 1) and total time spent
in alloparental behavior (including sniffing, licking/grooming,
non-huddling contact, and huddling; F1 = 4.24, p = 0.046). When
only MAN0 and MAN1 males were compared directly, there was a
trend for a difference in non-huddling contact (n = 20, F1 = 3.79,
p = 0.067) and other behaviors were non-significant (Table 1). In
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a one-tailed test (justified by a priori expectation of direction), the
difference between MAN0 and MAN1 in non-huddling contact is
significant (p = 0.033).
No female alloparental behaviors varied significantly by early
treatment (Table 1). When MAN0 and MAN1 females were compared directly, there were also no significant differences in alloparental behaviors.

Elevated Plus-Maze

Autogrooming in the EPM differed by treatment for females
(n = 39, F3 = 4.38, p = 0.012; Figure 2) but not for males (n = 38,
F3 = 0.98, p = 0.414). While time spent in the open arm, and the ratio
of time spent in the open arm over time spent in both arms did not
differ for either sex, in females there was a trend (Kruskal–Wallis
test, χ2 = 7.14, p = 0.067; Figure 2) for treatment to influence time
spent in the closed arms, with MAN7 and MAN1–7 spending the
most time there.
When only MAN1 and MAN0 groups were compared, no significant differences for males were seen; however MAN1 females
autogroomed significantly more than MAN0 females (n = 19,
F1 = 4.87, p = 0.041; note though, that this was opposite the predicted direction) and tended to spend more time in the closed arms
(F1 = 3.38, p = 0.084).
Oxytocin and arginine vasopressin (V1a) receptor binding

Figure 1 | Males that were manipulated before day 7 displayed a
significantly longer duration of non-huddling contact (F1 = 4.95, p = 0.035;
Table 1) and total time spent in alloparental behavior (F1 = 4.24, p = 0.046).

Oxytocin receptor binding differed in several areas in females,
with MAN0 females having significantly higher OTR binding
than other groups (Figures 3 and 4). Treatment differences
were significant in the BNST (n = 26, F3 = 3.37, p = 0.032)
and the nucleus accumbens (NAcc; F3 = 2.96, p = 0.048). OTR
binding in females was also marginally significant in the same
direction in the cingulate cortex (F3 = 2.89, p = 0.051; optical densities, MAN1 = 0.107 ± 0.03, MAN1–7 = 0.115 ± 0.02,
MAN7 = 0.126 ± 0.3, MAN0 = 0.248 ± 0.06) and the lateral septum
(LS; F3 = 2.97, p = 0.054; optical densities, MAN1 = 0.114 ± 0.03,
MAN1–7 = 0.15 ± 0.02, MAN7 = 0.181 ± 0.7, MAN0 = 0.289 ± 0.09).
OTR binding in males differed significantly in the BNST (n = 34,
F3 = 3.85, p = 0.018; Figure 5), and tended to differ in the NAcc
(F3 = 2.65, p = 0.065). These differences were in the same direction as females (MAN0 and MAN7 higher than MAN1), with
even higher levels in some groups.
When comparing across the four groups there were no significant treatment group differences in either males or females in V1aR
binding (Tables 2 and 3). Pre-planned comparisons of MAN1 and
MAN0 groups did not reveal any significant differences in V1aR,
when compared in separate brain areas. Though non-significant, it
may be important to note that the levels of V1a binding in each of
the brain areas studied was higher in MAN0 males versus MAN1
males. This pattern was not seen in females.

Table 1 | Alloparental behaviors in a pup test, including time spent in infant care and contact (non-huddling) were more common in prairie voles
that were handled at least once in the first few days of life (MAN1 and MAN1–7) versus those that received no handling until at least PND 7 (MAN0
and MAN7).
MALE:

MALE: No early

FEMALE:

FEMALE: No early

Manipulation in

manipulation

Manipulation in

manipulation

the first week

(MAN0 and

the first week

(MAN0 and MAN 7;

(MAN1 and

MAN 7; n = 21)

(MAN1 and

n = 20)

Statistic

p-value

31.52 ± 4.13

p-value

MAN1–7; n = 20)

MAN1–7; n = 21)
Sniff

Statistic

37.86 ± 6.86

F = 0.21

0.653

17.85 ± 3.2

24.36 ± 4.79

F = 0.38

0.768

Lick

56.0 ± 18.67

36.86 ± 15.58

χ = 2.01

0.156

70.05 ± 37.32

49.47 ± 18.68

χ = 2.33

0.507

Retrievals

2.67 ± 0.72

1.81 ± 0.60

χ2 = 1.99

0.158

1.55 ± 0.47

4.47 ± 1.77

χ2 = 3.33

0.344

Huddling

1.24 ± 0.86

5.71 ± 4.15

χ2 = 1.11

0.737

33.9 ± 23.22

16.32 ± 9.23

χ2 = 5.04

0.169
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Figure 4 | Representative autoradiogram of OTR binding in MAN1 and
MAN0 females.

Figure 5 | Oxytocin receptor binding (optical density), males. Bars with
different letters indicate groups that are significantly different in post hoc testing.
Figure 2 | Time spent autogrooming in the elevated plus-maze differed
among treatment groups in females (F3 = 4.38, p = 0.012). There was a
trend for time spent in the closed arms to differ (Kruskal–Wallis test, χ2 = 7.14,
p = 0.067). Groups which differ significantly from each other in the overall
ANOVA are indicated by different letters. When MAN1 and MAN0 females
were compared directly in pre-planned comparisons, MAN1 females
autogroomed significantly more than MAN0 females (F1 = 4.87, p = 0.041) and
MAN1 females tended to spend more time in the closed arms than MAN0
females (F1 = 3.38, p = 0.084).

Central OT and AVP production (immunohistochemistry)

The density of OT cell bodies in the SON differed significantly by
treatment for males (n = 33, F3 = 4.12, p = 0.018; Figures 6 and 7),
but not for females (n = 27, F3 = 1.9, p = 0.157), although results
were in the same direction in both sexes with MAN1 higher than
other groups.
The density of OT fibers in the SON did not differ by treatment, and neither the density of OT cell bodies, nor the density
of OT fibers, differed significantly in the PVN. No measures of
AVP production (SON cell bodies, SON fibers, PVN cell bodies, PVN fibers) differed significantly by treatment (Tables 4
and 5). However, planned comparisons between MAN0 and
MAN1 groups revealed that the differences in density of
AVP immunoreactive cell bodies approached significance
(F1 = 4.34, p = 0.056) with high levels of AVP in MAN0 versus
MAN1 males. This difference was not observed in females;
however, in females there was a trend for MAN0 females to
have higher OT cell bodies in the PVN than MAN1 females
(F1 = 3.41, p = 0.088).
Plasma Hormones

Figure 3 | Oxytocin receptor binding (optical density), females. Bars with
different letters indicate groups that are significantly different in post hoc testing.
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There was a trend for CORT to differ in females (n = 36, F3 = 2.41,
p = 0.085; Figure 8) but not in males (n = 40, F3 = 0.68, p = 0.569)
following the EPM test, a mild stressor. MAN0 females had significantly higher CORT than MAN1 females (t1 = 2.66, p = 0.012).
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Table 2 | Radiolabeled ligand binding for AVP V1a receptors (optical density) for males (means ± SD). Groups also did not differ in V1a receptor binding.
MAN1 (n = 6)

MAN1–7 (n = 10)

MAN7 (n = 10)

MAN0 (n = 9)

Statistic (F )

p-value

Lateral septum

0.263 ± 0.04

0.255 ± 0.01

0.289 ± 0.03

0.356 ± 0.06

1.56

0.229

Ventral pallidum

0.502 ± 0.08

0.738 ± 0.14

0.727 ± 0.14

0.701 ± 0.13

0.57

0.641

BNST

0.266 ± 0.02

0.291 ± 0.01

0.308 ± 0.03

0.338 ± 0.03

1.15

0.347

Medial amygdala

0.303 ± 0.01

0.368 ± 0.06

0.337 ± 0.03

0.427 ± 0.08

0.77

0.518

Posterior cingulate cortex

0.251 ± 0.03

0.285 ± 0.03

0.331 ± 0.06

0.305 ± 0.03

0.48

0.696

Table 3 | Radiolabeled ligand binding for AVP V1a receptors (optical density) for females (means ± SD).
MAN1 (n = 8)

MAN1–7 (n = 7)

MAN7 (n = 3)

MAN0 (n = 10)

Statistic (F )

p-value

Lateral septum

0.285 ± 0.04

0.239 ± 0.01

0.299 ± 0.01

0.282 ± 0.04

0.22

0.880

Ventral pallidum

0.717 ± 0.12

0.596 ± 0.15

0.882 ± 0.22

0.564 ± 0.09

0.91

0.454

BNST

0.297 ± 0.03

0.302 ± 0.02

0.280 ± 0.02

0.291 ± 0.03

0.07

0.976

Medial amygdala

0.326 ± 0.04

0.419 ± 0.06

0.307 ± 0.02

0.348 ± 0.08

0.45

0.721

Posterior cingulate cortex

0.339 ± 0.05

0.285 ± 0.03

0.301 ± 0.04

0.323 ± 0.05

0.27

0.847

Groups also did not differ in V1a receptor binding.

Plasma AVP did not differ significantly by treatment following
the EPM test in males (n = 31, F3 = 0.33, p = 0.802; Figure 9) or
females (n = 32, F3 = 0.07, p = 0.977). OT also did not differ significantly by treatment in males (F3 = 1.63, p = 0.199; Figure 10) or
females (F3 = 1.23, p = 0.316). Comparisons of MAN0 and MAN1
groups did not reveal significant effects in either sex.

Discussion

Figure 6 | The number of OT cell bodies in the SON differed significantly
by treatment for males (F3 = 5.46, p = 0.005). Although the overall ANOVA
for females was not significant (F3 = 1.9, p = 0.157), there was a trend for a
difference between MAN0 and MAN1 (t1 = −1.73, p = 0.096).

Figure 7 | Representative photographs of OT immunoreactivity in the
SON in MAN1 and MAN0 animals.
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The results of this study replicate earlier findings in prairie voles
showing that alloparental behavior, tested in the postweaning
period, can be influenced by handling during the first week of
life (Bales et al., 2007a). Findings from our studies in prairie voles
are consistent with literature from other mammals indicating that
behavioral patterns and emotional reactions may undergo longlasting adaptations based on early experience, and possibly moderated by parental stimulation in early life. The present findings also
suggest that these effects are sexually dimorphic, possibly based
in part on neuroendocrine differences between the sexes in the
consequences of differential early experiences.
Research in rats strongly supports the importance of early
experience in determining later social and emotional responses.
For example, individual differences in maternal stimulation,
including licking, may influence the later expression of parental
behavior by the offspring (Meaney, 2001; Pedersen and Boccia,
2002; Champagne and Meaney, 2007). In addition, in rats offspring that received moderate amounts of stimulation in early life,
either by an investigator or by the mother rat, generally were more
adaptable in later life, at least as measured by changes in hormones
of the hypothalamic–pituitary–adrenal axis, in comparison to
offspring that were deliberately left undisturbed (Levine, 1957,
2002a). Research in rats also has suggested that young animals
may be particularly sensitive in the first week of life to the effects
of the presence or absence of parental stimulation (Levine and
Lewis, 1959a).
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Table 4 | Immunohistochemistry results for OT and AVP measures in males.
MAN1 (n = 6)

MAN1–7 (n = 7)

MAN7 (n = 10)

MAN0 (n = 10)

Statistic (F )

p-value

OT cell body density – PVN

0.170 ± 0.04

0.150 ± 0.03

0.137 ± 0.02

0.178 ± 0.01

0.96

0.429

AVP cell body density – PVN

0.112 ± 0.03

0.119 ± 0.02

0.172 ± 0.06

0.189 ± 0.02

1.44

0.254

AVP cell body density – SON

0.118 ± 0.02

0.159 ± 0.02

0.109 ± 0.02

0.123 ± 0.01

1.64

0.205

MAN7 (n = 5)

MAN0 (n = 10)

Statistic (F )

p-value

Table 5 | Immunohistochemistry results for OT and AVP measures in females.
MAN1 (n = 5)

MAN1–7 (n = 7)

OT cell body density – PVN

0.124 ± 0.02

0.141 ± 0.01

0.148 ± 0.02

0.171 ± 0.02

1.21

0.328

AVP cell body density – PVN

0.274 ± 0.04

0.161 ± 0.05

0.191 ± 0.02

0.192 ± 0.04

1.63

0.215

AVP cell body density – SON

0.137 ± 0.03

0.087 ± 0.02

0.127 ± 0.01

0.139 ± 0.03

1.32

0.296

Figure 8 | There is a trend for stress-induced corticosterone to differ in
females (F3 = 2.41, p = 0.085) but not in males (F3 = 0.68, p = 0.569).

Figure 9 | Plasma AVP did not differ significantly by treatment following
the EPM test in males (F3 = 0.33, p = 0.802) or females (F3 = 0.07, p = 0.977).

The present design included animals that were deliberately
manipulated within the first day of post-natal life (MAN1) and
those that were left undisturbed for at least one week (MAN0)

Frontiers in Psychiatry | Child and Neurodevelopmental Psychiatry

Figure 10 | Plasma OT did not differ significantly by treatment in males
(F3 = 1.63, p = 0.199) or females (F3 = 1.23, p = 0.316).

with minimal disturbance through out the rest of the pre-weaning
period. As in previous studies the male offspring of the manipulated group (MAN1) showed higher levels of later alloparenting
compared to the MAN0 males (Bales et al., 2007a). However, when
the first experience of manipulation was postponed until postnatal day 7 (MAN7), the male offspring showed an alloparenting
pattern more similar to that seen in animals that were not handled (MAN0). We also examined the hypothesis that more frequent manipulation, daily during the first week of life (MAN1–7),
would further increase alloparenting. However, no difference in
alloparenting was observed between MAN1 and MAN1–7 males;
a high proportion of both MAN1 (67%) and MAN1–7 (75%)
showed alloparental behavior. In contrast, the proportion of
alloparental males was much lower in the MAN0 (33%) and MAN7
(20%) groups. Female alloparenting did not vary significantly with
early manipulation, as was also found in the previous study (Bales
et al., 2007a); 54% of MAN0 females and 38% of MAN7 females
showed alloparental behavior, with 40% of MAN1 and 60% of
MAN1–7 females displaying alloparenting.
In the present study, because the full family including both
parents and their infants were manipulated, it was not possible to determine whether the observed changes were due to
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direct stimulation of the young or mediated through differential
parenting. However, immediately following handling we observed
that both parents, and especially mothers, directed increased levels
of stimulation toward their pups, including licking and grooming (Tyler et al., 2005). In contrast, undisturbed families were
less interactive with pups, especially on the first day of life. More
recently, we have also examined the consequences in prairie voles
of repeated handling, three times at 3–4 h intervals on post-natal
day. Immediately following the third episode of handling, parents
showed reductions in interactions with their infants. As in the
MAN0 treatment, the male offspring from this repeated handling group showed low levels of alloparenting in later life (Boone
et al., 2009). Taken together with the results of the present study,
these findings suggest that in male prairie voles reduced parental
stimulation, especially in the immediate post-natal period, may
contribute to the deficits in later alloparenting observed after
either reduced or repeated handling.
Both MAN0 and MAN7 males (which displayed low alloparenting) also produced less OT in the SON than MAN1 males. In contrast, MAN1–7 males displayed both high alloparenting and low
OT. One hypothesis for future studies is that MAN1–7 males might
compensate for low OT production with higher AVP production.
While MAN1–7 had low OT in the SON, their AVP in the SON
was relatively high (Table 4). We did not present post hoc comparisons in the table due to the non-significant findings in the main
ANOVA, but if performed, MAN1–7 males did have significantly
higher AVP cell bodies in the SON than MAN7 males (p = 0.05)
and displayed a non-significant trend for higher values than MAN0
males (p = 0.11). Previous research has shown that male prairie
voles can facilitate alloparenting through either the OT or AVP
system (Bales et al., 2004b).
As in our previous study, we found sex differences in the effects
of handling treatments. While in females we found no difference
in alloparenting, we did find differences in behaviors that may
reflect anxiety. Our previous study comparing MAN1 and MAN0
(Bales et al., 2007a) showed higher levels of anxiety-like behaviors
in MAN0 animals, as measured in the EPM, which we did not
detect here. In fact, we found the opposite: MAN0 females tended
to spend less time in the closed arms of the EPM than MAN1
females. This could be due to the age of testing, as the previous
study tested animals at 60 days of age while in the present study
animals were tested at 22 days (directly after weaning). In animal models, changes of anxiety with age are a common finding
although the direction is not always consistent (Lynn and Brown,
2010). In the current study, changes in gonadal hormones are an
unlikely mechanism for age-related changes in anxiety because
prairie voles are induced ovulators (Carter et al., 1980). However,
changes in peptide systems could be a possibility; we are not aware
of any studies directly comparing adolescent and adult production
of OT or AVP in prairie voles. A second possibility is that time
since receiving other tests could have affected the outcome of the
EPM. In Bales et al. (2007a, 2007b) the adult voles had not received
another behavioral test for approximately 38 days; while in the
present study, the juvenile voles had received the alloparenting
test the day before they received the EPM. It is therefore possible
that in this study, the alloparenting test was residually affecting
the EPM in some fashion.
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In females, we did observe significant treatment differences in
autogrooming in the EPM. Interestingly, the two groups in the
present study which received reduced manipulation in the first week
of life (MAN0 and MAN7), displayed very different autogrooming
behavior in the EPM; this suggests that there may not be a critical
period for handling effects on this particular behavior, or at least
that it is longer than one week. MAN0 females autogroomed the
least of all groups (Figure 2). MAN0 females may be displaying
a more passive coping style, with higher levels of CORT released
during stress and lower autogrooming in response to stress; MAN7
females, on the other hand, display an active response (autogrooming) resulting in lower CORT levels. The same patterns were not
seen in males. These findings are consistent with the hypothesis
that coping strategies in the face of challenge differ between males
and females (Koolhaas et al., 2001, 2007), especially when these
challenges occur in early life (Carter et al., 2009). However, the
experiential factors that differentiate the MAN0 and MAN7 paradigms remain to be described. There might be age-related differences in the dependence of the offspring on parental stimulation.
Alternatively, parents of pups of different ages may differ in their
reactions to experiences (or the absence of experiences).
The MAN1–7 group in particular presents several challenges of
interpretation. Above, we discussed the possible role of increased
AVP in the SON in normalizing alloparenting behavior in MAN1–7
males. MAN1–7 females were similar to MAN1 females on almost
every measure except for autogrooming in the EPM, where they
showed increased autogrooming compared to all other groups,
perhaps suggestive of increased anxiety. In females, we did not do
post hoc comparisons between groups due to non-significance of the
overall ANOVA for OT in the SON. However, a direct comparison
between MAN1 and MAN1–7 females does suggest lower OT-IR
in the SON in MAN1–7 females (p = 0.025).
One purpose of this study was to examine the hypothesis that
changes in central neuropeptide systems might mediate the longterm consequences of early experience. In the present study, the
OT system, and especially the OTR, responded to variations in
early experiences, whereas changes were less obvious in the V1aR
system. In contrast, a series of studies of the effects of exposure to
exogenous OT on post-natal day 1 (Bales and Carter, 2003a, 2003b;
Bales et al., 2004a, 2004c), revealed changes in the V1aR, but with
no detectable differences in OTRs or dopamine D2 receptors (Bales
et al., 2007b). The source of these differences has not been identified. However, exogenous OT, possibly given at a pharmacological
dose, might have produced secondary binding to V1aRs (Gimpl
and Fahrenholz, 2001). In addition, the age of the animals at the
time of sacrifice differed between the two studies.
The effects most apparent in females from the MAN0 group
were increased OTR binding in the NAcc, the BNST, and LS. The
higher availability of OTR may be related to the lower anxiety displayed by MAN0 females at this age. OT is generally anxiolytic
(Neumann, 2002; Labuschagne et al., 2010). It is possible that the
elevated OTRs in these brain regions are a response to lower OT
peptide availability, either during development (due to decreased
stimulation by parents) or during adulthood (Figure 5). We would
hypothesize that lower OT during development is more likely, given
that MAN0 females actually had higher OT production in the PVN
in this study than MAN1 females. Although the SON is unlikely
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to be the major source of OT peptide to these areas, recent studies
have shown that the SON in prairie voles does have oxytocinergic
projections to the NAcc (Ross et al., 2009).
Variations in early handling were associated with later changes
in neuropeptide production and binding, although these relationships differed for males and females. MAN0 males displayed
elevated OTR in the BNST, lower OT production in the SON, and
elevated AVP production in the PVN when compared to MAN1
males. Previous literature has suggested that male prairie voles
can facilitate alloparenting behavior through either the OT or the
AVP system (Bales et al., 2004b). It is possible that extensive dysregulation, rather than changes in one particular neuropeptide or
neuropeptide receptor, may have affected alloparenting behavior
in this paradigm.
The results of this study are also consistent with preliminary data
on methylation in a CpG island in the promoter region of the OTR
gene. In these studies animals from a MAN1 group demonstrated
higher levels of methylation in tissue from the NAcc compared
to MAN0 animals in which methylation was low (Connelly and
Carter, unpublished data). Low levels of methylation would be
expected to permit increased expression of the OTR, which was
the outcome seen in females in the MAN0 group in the present
study (Figure 3). Other preliminary studies from our group suggest
that OT may increase methylation of the OTR gene (Connelly and
Carter, unpublished data). At the time of sampling in the present
study, PND 22, OT synthesis in the SON (indexed by immunohistochemical staining) was higher in MAN1 animals than in any
other group. This effect was seen in both sexes, although was only
significant in males. It is still unknown whether OT levels at the
time of the handling treatment were enhanced in MAN1 animals,
but that would be consistent with other findings.
Oxytocin production in the SON also may occur in response to
chronic stress (Neumann, 2002; Grippo et al., 2007); stress in turn
might increase subsequent synthesis or release of AVP (Neumann
et al., 2006). It is possible that the higher levels of SON OT available to MAN1 animals may impact on their stress systems (perhaps
by other measures than those shown here), and in prairie voles
stress is well-known to affect social behavior (DeVries et al., 1995,
1996; Bales et al., 2006). In rats, maternal separation resulted in an
increase in AVP immunoreactivity in SON (Veenema et al., 2006).
In the present study, there are preliminary indications that AVP,
especially in males, might be upregulated in the MAN0 group,
which might also be receiving less parental stimulation.
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